ABSTRACT
A methodology f o r a s s e s s i n g t h e e f f e c t i v e n e s s of Flexible Manufacturing Systems (FMSs) i s presented.
The methodology evaluates system c a p a b i l i t i e s i n terms of the goals which must be a c h i e v e d w i t h i n s p e c i f i c m a n u f a c t u r i n g , c o r p o r a t e , and marketing environments. These environments c o n s t i t u t e t h e c o n t e x t i n w h i c h the system must operate. Three systems, which exhibit different types and degrees of f l e x i b i l i t y , are analyzed. The system which best f u l f i l l s criteria w i t h i n a h y p o t h e t i c a l c o n t e x t i s i d e n t i f i e d . E f f e c t i v e n e s s a n a l y s i s is found t o be a u s e f u l t o o l i n c h o o s i n g a n a p p r o p r i a t e FMS f o r a manufacturing operation.
I n t r o d u c t i o n There are two b a s i c o b s t a c l e s h i n d e r i n g t h e u s e of FMSs i n t h e U.S. The f i r s t i s j u s t i f y i n g t h e c a p i t a l
e x p e n d i t u r e s r e q u i r e d f o r a n FMS. This equipment is t y p i c a l l y much more expensive than dedicated manufacturing equipment. Also, management o f t e n f o c u s e s more on short-term p r o f i t s , r a t h e r t h a n t h e l o n g -t e r m p o s i t i o n o f the firm.
J u s t i f i c a t i o n m e t h o d s u s e d by i n d u s t r y r e f l e c t t h i s c o n c e r n w i t h s h o r t -t e r m g a i n s . FMS usage however, must be j u s t i f i e d i n terms of both short and long-range benefits.
A second obstacle i s the problem of implementation. Droy (1983) r e p o r t s a study which showed t h a t o v e r h a l f o f t h e e x i s t i n g FMSs i n s t a l l e d i n t h e U.S. w e r e f a i l u r e s . E s s e n t i a l l y a l l o f t h e s e f a i l u r e s were a t t r i b u t e d to poor planning.
However, s u c c e s s e s o f
FMSs are causing recognition of the importance manufacturing p r o c e s s e s may have on a company's competitive p o s i t i o n . It i s becoming necessary to include m a n u f a c t u r i n g d e c i s i o n s a t h i g h e r l e v e l s of management and t o g i v e t h o s e d e c i s i o n h i g h e r s t a t u s among a company's priorities. There i s a need f o r assessment methodologies which will h e l p t h e decision making process i n d e t e r m i n i n g w h e r e t o i n s t a l l and FMS or how t o b e s t u s e e x i s t i n g systems. T h i s n e c e s s i t y becomes more apparent when c o n s i d e r i n g t h e s c o p e of e f f e c t s FMS usage may have.
Current methods of assessing manufacturing s y s t e m s g e n e r a l l y c u l m i n a t e i n a f i n a n c i a l statement. It i s not, however, appropriate to assess a n FMS s o l e l y i n f i n a n c i a l terms. This *This wock'was carried o u t a t t h e M.I.T. Laboratory for Information and Decision Systems.
r e s e a r c h a d d r e s s e s t h i s p r o b l e m i n s u c h way t h a t t h e p r o b a b i l i t y o f s u c c e s s f u l i m p l e m e n t a t i o n will be greatly enhanced.
Packer
(1983 1 i n t r o d u c e s v e r y r e l e v a n t d e f i n i t i o n s o f e f f i c i e n c y a n d e f f e c t i v e n e s s i n p r o d u c t i v i t y a n a l y s i s . E f f i c i e n c y i s d e f i n e d as how well a n e n t e r p r i s e uses i t s i n p u t r e s o u r c e s to meet its u l t i m a t e g o a l s a n d p u r p o s e . P r e s e n t l y , U.S. companies tend t o l o o k f o r p r o d u c t i v i t y g a i n s i n areas which a r e r e l a t e d o n l y t o e f f i c i e n c y . However, i t will b e n e c e s s a r y f o r U.S. i n d u s t r y t o make use of FMS t e c h n o l o g y q u i c k l y , e f f i c i e n t l y a n d e f f e c t i v e l y i n o r d e r t o r e m a i n c o m p e t i t i v e . T h i s will r e q u i r e more emphasis on the long-range e f f e c t s o f m a n u f a c t u r i n g d e c i s i o n s . T h i s p a p e r p r e s e n t s a method o f making d e c i s i o n s o f t h i s t y p e b a s e d o n t h e a n a l y s i s o f s y s t e m e f f e c t i v e n e s s . T h e s e d e f i n i t i o n s may be used to determine not only whether a system is f l e x i b l e , b u t a l s o t h e r e l a t i v e f l e x i b i l i t y of systems when d i f f e r e n t i a t i n g b e t w e e n them.
. Development of FMS Mission and System Models

Flexible Manufacturing Systems
The general methodology to b e u s e d i n assessing t h e e f f e c t i v e n e s s of FMS of the type defined above can be summarized i n t h e f o l l o w i n g s t e p s .
S t e p 1: Define the system (FMS), mission (objecti v e s the system should accomplish), and context (the environment in which the system must achieve t h e m i s s i o n ) .
S t e p 2 : Determine which attributes of the system are o f i n t e r e s t i n s a t i s f y i n g t h e m i s s i o n . D e f i n e the m i s s i o n i n terms o f d e s i r a b l e a t t r i b u t e ranges.
I n d e p e n d e n t l y c a l c u l a t e t h e a d m i s s i b l e s y s t e m a t t r i b u t e ranges by varying t h e independent v a r i a b l e s ( p r i m i t i v e s ) i n t h e i r f o r m u l a t i o n s .
S t e p 3 : Scale the s y s t e m a n d m i s s i o n a t t r i b u t e s s o t h a t t h e y may be r e p r e s e n t e d i n a common a t t r i b u t e space.
S t e p 4:
Map the s y s t e m a n d m i s s i o n a t t r i b u t e r a n g e s i n t o the a t t r i b u t e s p a c e . T h i s s t e p r e s u l t s i n two g e o m e t r i c a l l o c i w h i c h d e s c r i b e t h e d e s i r a b l e a n d p o s s i b l e s y s t e m o p e r a t i n g p o i n t s .
S t e p 5 :
Define measures o f e f f e c t i v e n e s s t o determine how well t h e s y s t e m can f u l f i l l the mission.
The two l o c i m e n t i o n e d i n S t e p 4 , t h e system l o c u s L,, and the mission l o c u s L can have one of t h e following geometric r e l a t i o n s h l p s . m:
1.
.
3 .
The l o c i have no p o i n t s i n common. I n t h i s case, the system does not meet any of t h e mission requirements and t h e measure of e f f e c t i v e n e s s is set e q u a l t o z e r o .
The l o c i have some p o i n t s i n common, b u t n e i t h e r l o c u s i s c o n t a i n e d i n t h e other. I n t h i s case, only some of t h e m i s s i o n requirements are met by the system. A p o s s i b l e measure, which maps t h e e f f e c t i v e n e s s , E,, between 0 and 1 is:
where V i s some measure of t h e "volume" of each l o c u s .
The s y s t e m l o c u s i s e n t i r e l y c o n t a i n e d w i t h i n t h e m i s s i o n l o c u s .
The e f f e c t i v e n e s s m e a s u r e E, y i e l d s t h e maximum e f f e c t i v e n e s s of 1. T h i s s y s t e m a l w a y s f u l f i l l s t h e m i s s i o n .
The mission locus i s e n t i r e l y c o n t a i n e d w i t h i n t h e s y s t e m l o c u s . I n t h i s case, t h e r e s u l t i n g e f f e c t i v e n e s s will b e less t h a n 1. Although the system i s c a p a b l e of f u l f i l l i n g t h e mission, i t may also operate in ranges which do n o t s a t i s f y the mission.
The measure of e f f e c t i v e n e s s E, r e p r e s e n t s o n l y one of several measures which are of i n t e r e s t , i.e., one o f s e v e r a l p a r t i a l m e a s u r e s o f effecti v e n e s s .
The p a r t i a l m e a s u r e s may b e combined t o form a single global measure of e f f e c t i v e n e s s u s i n g u t i l i t y t h e o r y s u c h t h a t :
where u r e p r e s e n t s t h e u t i l i t y f u n c t i o n .
When used f o r comparing alternative systems, t h i s m e t h o d o l o g y i d e n t i f i e s t h e s y s t e m
which w i l l f u l f i l l t h e mission i n t h e m o s t e f f e c t i v e manner. I n d o i n g so, the method i n d i c a t e s what t y p e s of f l e x i b i l i t i e s are j u s t a p p r o p r i a t e a n d t h e degree of f l e x i b i l i t y which i s a p p r o p r i a t e .
T h i s methodology has been described i n d e t a i l i n Bouthonnier and Levis (1984).
Context and Mission
Consider t h e case of a p r i n t e d c i r c u i t ( P I C ) board manufacturing company. The company i s i n t e r e s t e d i n i n s t a l l i n g f l e x i b l e a u t o m a t i o n i n its a s s e m b l y o p e r a t i o n i n o r d e r t o d e a l b e t t e r w i t h t h e u n c e r t a i n t i e s of i t s business. Because the company i s a s u p p l i e r o f c i r c u i t b o a r d s t o manufactures of personal computers, there i s great u n c e r t a i n t y i n 
------
Although there are many PIC boards types which are o f f e r e d by t h e company. there are two t y p e s -P a r t 1 a n d P a r t 2 t h a t r e p r e s e n t t h e extremes of s i m p l i c i t y a n d c o m p l e x i t y i n t h e manufacturing o p e r a t i o n .
It i s p o s s i b l e t h a t demand i n subsequent years may be high as 100% f o r e i t h e r p a r t t y p e . M a r k e t i n g has s p l i t on p r e d i c t i o n s f o r sales volumes:
The o p t i m i s t i c p r o j e c t i o n i s t h a t sales will f a l l between 40,000 and 60,000 u n i t s a n n u a l l y . The p e s s i m i s t i c p r o j e c t i o n i s 28,000 and 42,000 u n i t s .
The s c e n a r i o d e s c r i b e s t h e c o n t e x t i n w h i c h a n y proposed manufacturing systems must be evaluated. The marketing environment, and t h e u n w i l l i n g n e s s of t h e company t o c h a n g e t o a d i f f e r e n t p r o d u c t l i n e are examples of constraints placed on the proposed systems by t h e c o n t e x t .
For
an FMS, t h e m i s s i o n may be represented by t h e f o l l o w i n g a t t r i b u t e s : In-Process Lead Time (time i n t e r v a l b e g i n i n g when a p a r t e n t e r s a system and ending when t h e f i n i s h e d p a r t l e a v e s t h e system). Market Response Time (time r e q u i r e d t o i n c o r p o r a t e d e s i g n c h a n g e s ) , Strategic
Response Time (time required to change product l i n e s ) , P r o d u c t Q u a l i t y , and t h e Net Present Value (measurement of economic f e a s i b i l i t y ) .
D e s i r a b l e r a n g e s of each of these a t t r i b u t e s may b e s e t by the company's knowledge of customer
needs, c o m p e t i t o r c a p a b i l i t i e s , and t h e firm's s t r a t e g i c p o s i t i o n .
For t h e h y p o t h e t i c a l company.
t h e mission i s e x p r e s s e d i n t h e f o l l o w i n g r e q u i r e m e n t s :
In-Process Lead Time: 22 mins. 1 TL 1 8 mins.
Market Response Time: 90 mins. 1 TM 6 mins.
P r o d u c t Q u a l i t y :
Q 2 0.94
Net Present Value:
NPV > 0 w i t h i n three y e a r s
The a t t r i b u t e S t r a t e g i c R e s p o n s e Time i s n o t a p p l i c a b l e w i t h i n t h e g i v e n c o n t e x t s i n c e a change i n p r o d u c t l i n e i s n o t a m i s s i o n o b j e c t i v e .
Representation of Systems
The following systems are under consideration f o r t h e a s s e m b l y o p e r a t i o n . Each of the systems h a s b e e n c h o s e n t o e x h i b i t o q l y o n e t y p e o f f l e x i b i l i t y i n o r d e r to stress the methodology r a t h e r t h a n t h e a n a l y t i c a l f o r m u l a t i o n o f t h e a t t r i b u t e s .
I n a more demanding c o n t e x t , s e v e r a l complex F M s m i g h t b e u n d e r c o n s i d e r a t i o n . Each of these system components may be r e f e r r e d t o as a processor. Loading and unloading of the processors w i l l n o t be modeled as p a r t o f t h e s y s t e m . I n a l l analyses, it i s assumed that each processor i s manned by one a t t e n d a n t :
i n c a s e s o f p r o c e s s i n g e r r o r , t h e a t t e n d a n t i s r e s p o n s i b l e f o r r e m o v i n g t h e a f f e c t e d p a r t f r o m t h e p r o c e s s f l o w .
Computerized Automated Line
A schematic of system 1 i s shown i n F i g u r e 1. Computer c o n t r o l a n d s e n s o r s a r e u s e d t o e s t a b l i s h t h e p a r t t y p e t h a t is e n t e r i n g the system. The computer allows storage of a l i b r a r y o f p r o g r a m s for d i f f e r e n t p a r t t y p e s .
Once The process flow i s as follows:
VCD + D I P +Robot +WS +ATE
The r o b o t ' s g r i p p e r i n t h i s system must be able t o h a n d l e t h e v a r i o u s n o n -s t a n d a r d p a r t s w i t h o u t a gripper change. This system exhibits part-mix f l e x i b i l i t y i n t h a t i t can simultaneously process s e v e r a l d i f f e r e n t p a r t t y p e s . The s y s t e m a l s o allows quicker changeover between batches.
Automated
LineIPotential Routing F l e x i b i l i t y System 2 (shown i n F i g u r e
2 ) includes what Brown, e t a l . (1984) c a l l p o t e n t i a l r o u t i n g f l e x i b i l i t y .
I n t h e c a s e o f DIP breakdown, t h i s system will a u t o m a t i c a l l y r e r o u t e p a r t s t o t h e r o b o t f o r i n s e r t i o n o f b o t h s t a n d a r d and nonstandard components. The p o s s i b l e p r o c e s s f l o w s are :
(1) VCD + D I P +Robot 3WS +ATE ( 2 ) VCD +Robot +WS +ATE It w i l l be assumed t h a t the D I P a t t e n d a n t c o n t i n u e s c h e c k i n g f o r d e f e c t i v e p a r t s s o t h a t o v e r a l l q u a l i t y l e v e l s r e m a i n u n c h a n g e d i n e i t h e r p r o c e s s flow. The r o b o t g r i p p e r i n S y s t e m 2 must be able t o h a n d l e a v a r i e t y o f p a r t t y p e s as i n System 1.
Automated LineiActual
Back-up Capacity System 3, as shown i n F i g u r e 3 , i s an example o f a c t u a l r o u t i n g f l e x i b i l i t y .
Redundancy of the
(1) VCD#1 +DIP +Robot#l 3WS +ATE ( 2 ) VCD#2 +DIP + Robot#L +WS +ATE ( 3 ) VCD#l +DIP + Robot#2 3WS +ATE ( 4 ) VCD#2 + D I P -+Robot#l 3 W S +ATE
System Attributes
T h i s s e c t i o n p r e s e n t s a n t h e r e s u l t s of system a t t r i b u t e c a l c u l a t i o n s . Detailed a n a l y s i s o f the f o l l o w i n g a t t r i b u t e s f o r e a c h s y s t e m c a n be found i n Washington (1985) .
In-Process Lead Time, TL Market Response Time, TM P r o d u c t Q u a l i t y , Q Net Present Value, NPV
The v a l u e s o f t h e a t t r i b u t e s f o r e a c h s y s t e m is summarized i n Table 1.
Comparison of Alternative Systems
D e t e r m i n a t i o n o f t h e e f f e c t i v e n e s s of each of the proposed systems is made by comparing the m i s s i o n a n d s y s t e m l o c i i n a commensurate a t t r i b u t e space. The p o s s i b l e s y s t e m a n d m i s s i o n a t t r i b u t e ranges are first s c a l e d s o t h a t t h e y may be mapped into the commensurate attribute space. Measures of e f f e c t i v e n e s s a r e t h e n d e f i n e d t o compare t h e effectiveness of each proposed system.
Determination of the System and Mission Loci
Each o f t h e s y s t e m a t t r i b u t e ranges g i v e n i n Table 1 and the desired a t t r i b u t e ranges derived from the mission requirements, may be scaled t o f a c i l i t a t e t h e g r a p h i c a l c o n s t r u c t i o n o f t h e l o c i and t h e i r q u a l i t a t i v e c o m p a r i s o n . The r e s u l t i n g m i s s i o n J o c u j~ is* deffned i n t h e f o u r dimensional space (NPV , TM, TL' Q 1. In t h e s y s t e m l o c i , t h e n e t p r e s e n t v a l u e a t t r i b u t e i s dependent on the market response time and in-process lead time. Because a l l of the components of the NPV v a r y l i n e a r l y , a l l of the system volumes have planar boundaries.
The System 1 l o c u s , t h e m i s s i o n l o c u s , a n d t h e i r i n t e r s e c t i o n are d e p i c t e d i n F i g u r e 4. System 2 i n t e r s e c t s the m i s s i o n l o c u s as shown i n F i g u r e 5. The system and m i s s i o n l o c i f o r S y s t e m 3 i n t e r s e c t as shown i n F i g u r e 6.
E f f e c t i v e n e s s
A n a l y s i s Figure 5 . System 2 Loci i n Space (NPV , TL, Q*)
* *
The e f f e c t i v e n e s s o f e a c h o f t h e s y s t e m s may be determined by comparing the i n t e r s e c t i o n l o c i w i t h N 1 .o F i g u r e 6. System 3 Loci i n Space (NPV*, TPI, T t ) t h e m i s s i o n l o c u s i n t h e commensurate a t t r i b u t e space (Step 5). E f f e c t i v e n e s s a n a l y s i s r e q u i r e s c a l c u l a t i o n o f t h e mission volume, the system Figure 4 . System 1 Loci i n Space (NPV*, T i , TL) volume, and t h e volume of t h e i n t e r s e c t i o n , The volume of each system V,, i s c a l c u l a t e d by i n t e g r a t i n g o v e r t h e a d m i s s l b l e r a n g e s of each of t h e a t t r i b u t e s .
S i m i l a r l y , t h e m i s s i o n volume, Vm, is c a l c u l a t e d by i n t e g r a t i n g o v e r t h e d e s i r a b l e a t t r i b u t e r a n g e s . The volume o f t h e i n t e r s e c t i o n is c a l c u l a t e d by i n t e g r a t i n g o v e r t h e a t t r i b u t e r a n g e s w h i c h are found i n b o t h t h e m i s s i o n a n d s y s t e m l o c i .
Two p a r t i a l m e a s u r e s of e f f e c t i v e n e s s (MOEs) are a p p r o p r i a t e t o compare the system. The first p a r t i a l MOE. E,, was d e f i n e d by Eq. (1). This measure indicates how e f f e c t i v e l y t h e s y s t e m c a p a b i l i t i e s will be used.
It shows how much of t h e s y s t e m ' s o p e r a t i n g r a n g e will be used t o accomplish the mission. Systems with lower o r h i g h e r t e c h n o l o g i c a l c a p a b i l i t i e s t h a n r e q u i r e d w i l l be penalized by t h i s p a r t i a l m e a s u r e s i n c e such systems might be better used elsewhere.
The s e c o n d p a r t i a l m e a s u r e o f e f f e c t i v e n e s s , E,, i s d e f i n e d as:
T h i s MOE i n d i c a t e s how well t h e s y s t e m c o v e r s t h e d e s i r e d
o p e r a t i n g r a n g e . T h i s i s p a r t i c u l a r l y i m p o r t a n t f o r FMS a n a l y s i s , s i n c e t h e s t a t e d m i s s i o n w i l l o f t e n r e f l e c t b o t h c u r r e n t a n d f u t u r e needs.
An a d m i s s i b l e u t i l i t y f u n c t i o n t h a t b a l a n c e s b o t h p o i n t s o f v i e w a n d y i e l d s a g l o b a l MOE, E, is:
E ! : i: system number
(6)
For the example systems, both partial measures of e f f e c t i v e n e s s w i l l be weighted equally, i . e . , a and j3 are set e q u a l t o 0.5. The r e s u l t s are summarized i n Table 2. TABLE 2. E f f e c t i v e n e s s A n a l y s i s R e s u l t s System # Vs -
